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SUMMARY
A method is proposed for the estimation of the movement and spread of lift-generated vortex wakes as a function of time to better enable aircraft arriving at airports to avoid the hazards associated with the wakes of preceding aircraft. Operations on closely spaced parallel runways are used to illustrate how the method may be applied. The paper begins with an overview of the aerodynamic mechanisms that cause the hazardous parts of lift-generated wakes to spread and to move as a function of time. A computational method is then presented for the determination of the spread and movement of the hazardous parts of vortex wakes as a function of time during operations of aircraft as they approach closely spaced parallel runways for a landing. The results suggest guidelines for efficiently and effectively avoiding the vortex wakes of preceding aircraft. Because uncertainties occur in the theoretical tools developed and in the measurements made of the components of the time-averaged wind and its gust magnitudes, flight tests are recommended to confirm and refine the guidelines presented, and to verify the techniques used to measure the atmospheric parameters that control intrusion of the hazardous elements of lift-generated wakes into nearby parallel runways.
I. INTRODUCTION

A. Background
If the lift-generated wakes of aircraft were not hazardous, and did not persist for several minutes behind the generating aircraft, runways could be safely located close to each other and re-used within time intervals based only on air-traffic management constraints rather than on aerodynamic ones that relate to flight safety (ref. 1). Because lift-generated wakes do pose a hazard, studies have been conducted on ways to reduce the effect of vortex wakes on airport capacity (refs. 1-50) . One such method considers the transport and decay of vortex wakes as a function of time as a means to shorten the time required for single runways to become vortex free, and therefore, safe for reuse (refs. 2-11) . It was found that the capacity of a single runway might then be increased by as much as 10% by judicious use of weather information and aircraft timing. Although beneficial, such an improvement does not accommodate the factor of two or three increase in traffic volume that is expected during the next 20 years. It was therefore reasoned that improvements in the use of a single runway would not achieve the desired goal and that the number of runways at each airport will need to be increased to accommodate the predicted need.
An increase in the number of runways at most airports is usually not possible if the runways are built with the conventional lateral spacing of 4300 ft (1311 m) so that they can be operated independently. Because available land area at or near existing airports is already in short supply, recent research has focused on the use of closely spaced parallel runways, which are often spaced parallel to each other at distances as small as 750 ft (230 m). The runways are then too close to operate independently, because wakes shed by preceding aircraft on one runway might intrude into the air space to be used by a following aircraft on a nearby runway. Management of aircraft flight paths will then require more planning because of the proximity of aircraft to one another during landing operations, and because of the higher density of aircraft traffic on the ground and in the air at and near airports. Although sometimes advantageous, stagger built into closely spaced runways is not considered in this paper.
The research reported addresses the development of a method for estimation of the rate at which lift-generated vortex wakes of subsonic transport aircraft move and spread because of wind currents, turbulence in the atmosphere along the flight path of arriving aircraft, and self-induced spreading mechanisms. Previous studies have examined the details of various aerodynamic mechanisms that cause the vortex wakes of subsonic aircraft to spread and move (refs. 12-50) . Guidelines developed by use of the knowledge presented in the foregoing studies make it possible to reliably predict how lift-generated vortex wakes move and spread as a function of time. A preliminary description of that work was described in a previous paper that was presented at a technical meeting (ref. 51) . The purpose of the paper, and its presentation at the technical meeting, was to use the research conducted on wake-spreading and -movement mechanisms for lift-generated vortex wakes to provide a reliable estimate for the time at which the vortex wake of a leading aircraft will intrude into the airspace of a following aircraft that is scheduled to land on a nearby, closely spaced parallel runway.
The foregoing paper (ref. 51) on the movement and spread of vortex wakes assumed that the jet engines on the wake-generating aircraft were at idle for the approach and landing being analyzed. After publication of that paper, a study was made of the effect of robust engine thrust on wake spreading as a function of time (refs. 52 and 53) . Observations of condensation trails behind aircraft flying at cruise altitudes showed that robust thrust brings about a linking mechanism in the vortex pair shed by aircraft that differs from the one assumed by Crow (refs. 42 and 43) . That is, the presence of robust engine thrust (as occurs with engines on aircraft flying at cruise altitudes) first initiates a sequence of circumferential vortex rings around the energetic exhaust plumes. When the trailing vortex pair has descended to the bottom of the combined exhaust plumes that are just above the inside bottom of the sequence of vortex rings that surround the merged exhaust plumes of the engines, the in and out velocity field of the vortices induces a train of vertical waves on the trailing vortex pair. The train of waves induced on the vortex filaments then re-forms to bring about across-span linking events that form a chain of vortex loops that is easily recognized as the same as the vortex loops associated with the longwave instability (ref. 42) . However, the time required for linking process that brings about the destruction of the hazardous structure of a vortex pair is now longer by as much as a minute or more than the atmospheric turbulence process (refs. 52 and 53) . The reason for the added time comes about because the vortex pair must first descend from near the center of the wake to the bottom of the merged exhaust plumes and then re-form the wave train structure for the linking process.
Therefore, robust engine thrust changes two characteristics in the spreading rate of lift-generated vortex wakes. First, because robust engine thrust delays rather than advances the initiation of the long-wave instability, the analysis presented in the meeting paper (ref. 51 ) is still the appropriate process for use in the time-dependent computation of wake spreading. It must be remembered, however, that when engine thrust is robust, the longer time interval observed for initiation of the long-wave instability causes the wake hazardous region to spread more slowly and to endure for a longer period of time than when initiated by ambient turbulence. As a consequence, the recycle time for a given set of runways will be increased when robust engine thrust is used by any aircraft in the group while on approach to a runway for a landing.
B. Application to Closely Spaced Parallel Runways
The remainder of this paper focuses on estimation of the spreading of vortex wakes by all of the mechanisms identified so far and on the impact that the spreading has on the allowable spacing between two aircraft making nearly simultaneous approaches. This paper does not address the recycle time of the runway system. Therefore, this section discusses the time interval between aircraft passage and the intrusion of vortex wakes shed by a leading aircraft into the airspace of a following aircraft.
The use of closely spaced parallel runways is not new. At present, operations are conducted as nearly simultaneous landings during visual meteorological conditions (VMC). Encounters with vortex wakes are then safely avoided because the along-trail spacing (or time) between aircraft landing on two closely spaced parallel runways is too small for the vortex wake shed by either aircraft to spread enough to intrude into the airspace of the other aircraft until after both have landed ( fig. 1 ). Therefore, an aerodynamic wake-avoidance problem has been solved by use of simultaneous operations of arriving aircraft. The purpose of the research presented here is to call attention to the fact that aircraft pairs need not be simultaneous, but may also land safely with intrail spacings of 10 s or more when atmospheric conditions provide circumstances that produce slow rates of wake spreading.
Because nearly simultaneous landing of aircraft pairs now depends on the ability of both aircraft to see each other, visibility degradation requires that runway operations be changed to instrument conditions (IMC). When this situation occurs, only one of the two closely spaced parallel runways is used. The landing capacity of the runway pair is then reduced to half of its clearweather value so that the capacity of the two runways is the same as that of single-runway operation. Efforts have been under way for some time to enable two aircraft to safely conduct nearly simultaneous landings during IMC so that operations can be carried out under all visibility conditions. One issue is that an in-trail separation buffer is required during IMC for safe operations. Research with piloted simulators has shown that along-trail time intervals between aircraft in a pair during IMC can be safely decreased to five s (refs. 31 and 54-63) when pilots are able to rely totally on electronic guidance that assures safe separation between aircraft in a group that is landing on closely spaced runways.
The aerodynamic mechanisms that bring about wake spreading as a function of time, and the way that atmospheric conditions affect this aerodynamic problem (refs. 12-20) , are summarized in the next section to develop a reliable computational method for prediction of the duration of the safe zone illustrated in figure 1 . The results presented assume that the transition from a VMC to an IMC capability at airports has been completed (refs. 21-33) . For numerous operational reasons, success with wake-avoidance technologies is achieved when the safe zone for the alongtrail separation distance, or time between the two aircraft, can be safely increased from nearly simultaneous (or 5 s, i.e., about 1000 ft or 305 m) to as much as 10 s (about 2000 ft or 610 m) or more. Larger along-trail separation distances facilitate wave-off operations and accommodate the grouping of aircraft pairs. Estimates made by use of a computer program presented in the appendix indicate that the safe zone associated with side-by-side approaches can usually be safely increased to 10 s or more if the smaller aircraft in the pair is the leading aircraft and if the following aircraft lands upwind of the leading aircraft when a side wind is present.
II. MOVEMENT AND SPREAD OF WAKE-HAZARDOUS REGIONS
The wake-intrusion time depicted in figure 1 depends on the lateral separation distance between the runways, the sizes of the aircraft involved, the time-averaged wind magnitude and direction, and the turbulence magnitude in the atmosphere where the wake of the generating aircraft is deposited. It is noted that only the lateral extent and location of wake-hazardous regions are studied because the altitudes of the two aircraft on approach to a set of parallel runways are usually close to the same at a given station along their approach paths, thereby reducing the problem to a lateral one. Only an overview of previous results is presented here because considerable attention has already been given to the details of the aerodynamics of how vortices move and spread (refs. 12-20, 52 , and 53). The analysis here divides the movement and spread of lift-generated vortex wakes by aerodynamic means into the following mechanisms:
A 
G. Effect of robust jet-exhaust plumes on wake dynamics
Any deviations by the wake-generating aircraft in a vertical or horizontal direction from the intended flight path are assumed to be small enough that they have a negligible effect on wake spreading, and are therefore not included in the computations. It is noted that any wake spreading brought about by the effect of engine thrust on wake dynamics was not included in the foregoing list as published in the meeting version of the paper (ref. 51) . Section II-G to follow describes research carried out after publication of the meeting version of the paper (refs. 52 and 53).
Because it was found that the initiation of the long-wave instability by robust engine thrust requires more time than when initiated by ambient turbulence, the formulation presented in the meeting paper remains the more conservative process and should continue to be used to estimate the spreading and decomposition of lift-generated vortex wakes of aircraft during approach to airport runways.
A. Size of Wake-Hazardous Region Around Initial Location of Vortex Pair
The center of either of the two vortices in the pair shed by a preceding aircraft is the most hazardous location for an encounter. As indicated in figure 2 , the hazard extends with decreasing intensity for some distance away from the center of each of the two vortices in the pair. The figure presents a cross-sectional view of the lines of equal rolling-moment coefficient, C lf , that have been induced on a following wing of rectangular plan form as a function of spanwise and vertical distances made dimensionless by use of the span of the wake-generating wing, b g . The lift coefficient on the wake-generating wing is represented by the symbol C Lg , and the span of the following wing is given by b f . One of the more important parameters that governs the magnitude of the wake-induced rolling moments is the ratio of the span of the following wing to that of the wake-generating wing, b f /b g . A wake-hazardous region is therefore defined as that part of the atmosphere that must be avoided by following aircraft because hazardous elements of a lift-generated vortex pair shed by a preceding aircraft, and the hazard they pose, are located therein to within a high degree of certainty (refs. 34-37) . The term wake-hazardous region is used to describe the region to be avoided because, if the centerline of a following aircraft is outside the boundary of a given hazardous region, any disturbances induced on a following aircraft by the vortex wake of a preceding aircraft are indistinguishable from an encounter with ambient atmospheric turbulence in the area, which is easily controllable with the ailerons on the encountering aircraft.
Because the vortex-induced rolling moment fades approximately as the square of the distance from the center of the wake, the choice of a maximum tolerable vortex-induced rolling moment is somewhat arbitrary (refs. 1 and 34-37). The present study uses the specification that the centerline of the following aircraft must be far enough from the centerline of the wake generated by a preceding aircraft so that it does not encounter a vortex-induced rolling moment larger than one-sixth of the roll-control authority available by use of the ailerons. This definition is based on simulated encounters with vortex wakes that indicate that the following aircraft will not roll more than 5 o if the vortex-induced rolling moment is less than one-half of the roll-control authority on the aircraft (ref. 34 ). The one-sixth value is used instead of the one-half value because it is more conservative and does not greatly increase the size of the region to be avoided.
The contours of equal vortex-induced rolling moment shown in figure 2 were calculated theoretically and confirmed by wind-tunnel experiments (refs. 34-37) . The calculations carried out to generate figure 2 assume that the flow field in which the vortices are embedded is steady with time (i.e., no wind or turbulence). The contours shown are based on a combination of theory and experimental confirmation at a time, or short distance, behind the wake-generating aircraft where the wake can be considered as rolled up. When the vortex sheet shed by the wing has rolled up, the vortex wake, and the hazard that it poses, is noted to extend out beyond the wing tips of the wake-generating aircraft. Lines of constant vortex-induced rolling-moment coefficient then have a well-defined structure that changes slowly with time. The centers of the vortex pair that drive the over-turning velocity distribution in the wake remain in about the same relative location until three-dimensional disturbances begin the process of wake decomposition. Before that time, the contours of constant rolling-moment coefficient shown in figure 2 approximate the steady-state, or time-averaged, values that would be experienced by aircraft in an actual flight situation.
At aircraft span ratios larger than b f /b g = 0.29, the dimensionless size of a box that encloses the 0.01 rolling-moment contours is roughly constant until the span ratio exceeds 0.5. For example, when the span ratio is equal to 1.0, computed contours of equal rolling moment, like those shown in figure 2 , indicate that the size of the hazardous region is about 2.5 b g in breadth and one span or b g in depth (refs. 13 and 34). To have a continuous relationship for the initial size of the hazardous region as a function of span ratio, the span wise breadth is approximated by B hz0 ≈ 2 b g when b f /b g < 0.5, where B hz0 is the breadth of the hazardous region a short distance behind the wake-generating aircraft. When b f /b g ≥ 0.5, the breadth of the hazardous region is approximated by
The initial depth of the hazardous region, D hz (t), is roughly constant at one span, independent of span ratio. The initial hazardous region is, of course, centered on the centerline of the wakegenerating aircraft at the time that it was generated, but rapidly becomes offset laterally because of the steady-state component of the ambient wind, and vertically because of the self-induced downward motion of the wake, estimated as
where w pr is the initial value of the self-induced downward velocity of the vortex pair; Γ ac is the centerline circulation bound in the wing of the wake-generating aircraft, which is equal to the circulation content of each of the two vortices in the pair; and b' is the span wise distance between the centroid of circulation for each of the two vortices in the pair (usually about πb g /4).
B. Spread of Wake-Hazardous Region by Turbulence
When vortex wakes are embedded in a quiescent fluid, like a water tow tank, the vortices remain relatively straight and decompose slowly. The two vortices then begin their trails as straight lines from near the wingtip regions at about y/b g = ±π/8, as indicated by the straight lines labeled as "Undisturbed vortices" in figure 3 . The quantity y/b g is the dimensionless spanwise distance from the center of the wake-hazardous region. As described in the previous section, the initial breadth of the wake-hazardous region is B hz (0) = 2b g , when, b f /b g ≤0. 5 . The sides of the hazardous region are labeled as "Initial sides of hazardous region" in figure 3 . The other lines in the figure indicate the outboard boundaries of the hazardous region due to contributions directly or indirectly related to the turbulence in the air where the vortices are embedded. A turbulent flow field is defined as one wherein the flow field has random unsteady motions superimposed on its time-averaged orderly motion (ref. 38) . The unsteady-random motions are eddies or swirling motions whose sizes vary from smaller than the wing chord up to numerous span lengths. The magnitude of these velocity perturbations relative to the flight velocity of the aircraft is usually small. Three sources of turbulence are usually present in the region occupied by the vortices after being shed by the lifting surfaces on a wake-generating aircraft. The first source is from the atmosphere through which the aircraft is flying. The turbulence from the second source is placed in the wakes of aircraft by the aircraft itself, which includes its various lifting surfaces. The sizes of the eddies generated on the surfaces of the airframe go from very small in the viscous boundary layer on the surface of the aircraft to a fraction of a wingspan in regions of flow separation or engine exhaust. Trailing vortices are coherent and organized in structure and so are not considered sources of turbulence until the highly organized structure of vortex wakes begins to decompose and decay.
The third source of turbulence consists of flow disturbances generated by the energized streams from the propulsion system on board the wake-generating aircraft. Jet-induced disturbances usually go directly into the region occupied by the rolled-up vortices and can therefore become an important source for disturbances that are able to modify the structure of vortices shed by the wing (see section II-G). Immediately behind the aircraft, the jet structures consist of highly energized cores with sharply defined cylindrical shear layers surrounding them. About one span behind the aircraft, the sides of the jet streams begin to break up into turbulent eddies that grow from quite small at jet exits into eddies that are about the size of the wingspan of the aircraft-or larger. As the dominant eddies grow in size, their swirl velocities become smaller until the turbulence within the wake becomes dispersed over a large region that grows roughly as the square root of time (ref. 39). Eventually, the velocity magnitudes in the wake become difficult to distinguish from those in nearby atmospheric turbulence. During the change in jet-exhaust streams from an orderly high-speed stream to eventual dispersion, each exhaust stream is surrounded by an array of circumferential vortices that act like rollers between the jet streams and the nearly stationary atmosphere. As part of the dissipation process, the individual jet streams merge to form a single turbulent stream with a single array of irregularly shaped circumferential vortices that are sometimes visible in condensation trails of aircraft flying at cruise altitudes (ref. 53 ).
The time-averaged magnitude of the various unsteady random motions in which the vortex wake is embedded is called the turbulence level of the fluid. The intensity of the turbulence is usually found by measuring the magnitudes of the root-mean-squared value of the time-dependent velocity perturbations. The turbulence level of the flow field is then the ratio of such a measurement divided by a characteristic velocity of the steady motions. For example, in wind tunnels the time-averaged turbulence level, ε t , is determined by measuring the time-averaged disturbance velocities (barred and primed quantities) along the three axes over a large unit of time, like a minute or more, and then dividing the result by the square of the free-stream velocity (ref. 38) .
The three primed and barred quantities inside the set of parentheses represent the time-averaged values of the square of the three components of the measured perturbation velocities in the air stream of the empty wind tunnel. The quantity U ∞ is the time-averaged velocity of the air stream, which is in the x-direction and aligned with the centerline of the wind tunnel (refs. 40 and 41). The subscript t is used to denote that the parameter ε is associated with the turbulence in the airstream and not some other unsteady feature of the flow field.
Of interest here is the fact that the turbulence in the air stream, no matter what the source, causes segments of vortex wakes to migrate randomly so as to spread wake segments, and their hazardous character, to locations outside of the initial boundaries of the wake-hazardous region. The time-averaged outer boundary of the spread of vortex centers with downstream distance is shown in plan view in figure 3 by the two dashed lines for a turbulence level of ε t = 0.02. The beginning points of the two dashed lines are noted to be at the maximum lateral location of the initial size of the wake-hazardous region, rather than at the span wise location where the vortices originate. This relocation is done because any span wise or lateral change in vortex location causes the outer boundary of the hazardous region to change as well. Because only the outer boundary of the wake-hazardous region is of interest, any increase in the lateral location of a vortex center must be added onto the maximum breadth of the hazardous region. It is thereby assumed that the structure of a vortex is largely unchanged by its movement. These two assumptions may be overly conservative, but are recommended to be certain of the reliability of the level of safety represented by the outermost boundaries of the wake and its movement.
Other than an intuitive realization that turbulence causes trailing vortices to become sinuous with time, and therefore causes vortex elements to spread as a function of time, the only quantitative experimental evidence that vortices meander about because of turbulence in the ambient flow field is found in some wind tunnel experiments (refs. 35 and 36). The wind tunnel experiments were used to obtain measurements of the structure of lift-generated vortex wakes of transport aircraft at various downstream distances behind the aircraft model. It was found that turbulence in the region where the vortices were embedded did slowly change the structure of the vortices, but the largest influence was that turbulence in the ambient stream caused an across-stream unsteady and random motion (or meander) of the vortex centers in the 40-by 80-Foot and 80-by 120-Foot Subsonic Wind Tunnels at NASA Ames Research Center. The magnitude of the meander distance was found to increase linearly with downstream distance, and thereby spread the hazardous region of the wake at a linear rate. The linear outboard movement of the sides of the hazardous region is therefore justified.
Because atmospheric turbulence structures cannot usually be accurately represented by wind tunnel types of turbulence models, the comparisons being made are recognized as approximate, but more applicable information is not available (ref. It is suggested that the difference of the two quantities is brought about by the fact that the swirling velocity for a given eddy in the turbulent flow field does not remain constant but decreases rapidly with time. If true, the average velocity associated with a particular swirling element in the turbulent flow field could be considerably less than the time-averaged perturbation velocities. Whatever the reason for their difference, it is believed that an adjustment constant (i.e., ε meand /ε t = 0.4) for a relationship between the turbulence measured in the two large wind tunnels and the turbulence that causes meander should not be used at this time because the measured differences are not understood, and because an assumption that maximum meander distances are given by
is more conservative. For this reason, both vortex-meander distance and initiation of the longwave instability are based on equation (4) . Therefore, for wake-spreading computations, it is assumed that |v'| max and |w'| max are the representative quantities for reliable (and conservative) prediction of the rate of spread of the hazardous region of vortex wakes as a function of time.
Because the most rapid aerodynamic spreading mechanism is the long-wave instability of a vortex pair, the measurements should be taken at all wavelengths between about 2 b g and 10 b g by each wake-generating aircraft as it moves along its approach path to a landing (refs. 42-44) . In this way, the worst-case situation is used for both the size of the disturbance and the most effective wavelengths for initiation of the long-wave instability of a vortex pair.
Equation (4) is believed to be more conservative and reliable than some methods used previously to determine typical values for the disturbance velocities for motion of vortex structures (refs. 42, 43, and 49). The earlier methods are based on the fact that the velocity disturbances in various turbulent flow fields tend to have common values for velocity and size that can be modeled by one of several turbulence spectrums. The spectrums relate the velocity field of the turbulence to the wavelength of the disturbance. Although the Kolmogorov turbulence spectrum has often been used to characterize turbulence velocity variations as a function of the wavelength of the disturbance for numerous time-dependent structures of vortex wakes, its use in the determination of the maximum values for the magnitude of disturbance velocities is believed to be less applicable and reliable than direct measurement of them along the flight path of the wakegenerating aircraft. Here and in sections to follow, it will be assumed that the magnitudes of disturbance velocities are found by measurement of the maximum values of disturbance velocities taken along the flight path of the wake-generating aircraft over the frequency range where the long-wave instability of Crow is readily initiated.
An equation for the broadening of the wake-hazardous region due to ambient turbulence, without the long-wave instability, is then written as
where ∆ B hzt is the broadening of the initial wake-hazardous region as caused by turbulence, including vortex meander distances so that ε max is based on the largest value found for all of the across-wake perturbation velocities that bring about vortex meander. When vortex spreading is added to the initial breadth of the wake-hazardous region, the boundaries expand as a function of time or distance by the amounts shown by the two dashed lines labeled as "Turbulence only" in figure 3.
C. Wake Spreading by Long-Wave Instability
The long-wave instability of a vortex pair (or Crow instability) comes about when lateral and vertical local sinusoidally shaped displacements are induced on the filaments by turbulence in the region of the atmosphere where the vortices are embedded. The instability has been studied extensively because it decomposes and spreads lift-generated vortex wakes more rapidly than any other known mechanism (refs. 16, 20, and 42-49) . If the vortex filaments are not disturbed from a straight-line configuration, the instability does not occur and the vortices trail from the wing as nearly straight lines ( fig. 3 ) when engine power is at low power for approach to a landing. If engine power is at a robust level as for glide-slope adjustments during approach, takeoff, climb, and cruise, it has been found that robust engine power levels cause the long-wave instability to come about by a different mechanism that takes a longer time to develop than when initiated by ambient turbulence (refs. 52 and 53). However, because turbulence along the flight path of aircraft is usually present from one source or another, the vortices first become sinuous and the instability occurs because of ambient turbulence. The growth rate of the instability then depends on the magnitude of the disturbance velocities in a direction across the vortex filaments, which is usually expressed as the intensity of the turbulence where the vortex is embedded (fig. 4) . If the turbulence level is low, it takes a long time for the vortices in the pair to link, and if the turbulence is intense, the growth rate of the instability is rapid.
The predictions of vortex linking times when initiated by ambient turbulence as predicted by three theories are presented in figure 4 along with data taken in flight tests (refs. 43 and 44) . The data and the three theories are in fairly good agreement as plotted on the logarithmic scales used, but they also indicate considerable scatter when put in terms of seconds, or distance, used during operations at airports. Some of the scatter in the flight data has been resolved by consideration of the amount of circulation contained in the filament, rather than the entire vortex, but additional parts of the deviations in the data are believed to be associated with the method that was used to measure wind velocity and atmospheric turbulence, and perhaps also due to the fact that the data were taken behind aircraft flying at cruise altitude with robust power (ref. 53) . It is believed that a satisfactory method has not yet been determined for measurement of the magnitude of the disturbance velocity parameter to be used in the prediction of wake intrusion into a nearby runway (ref. 20) .
If the axes in figure 4 are linear and the dimensionless parameters used for the axes consist of parameters usually used during flight operations at airports, the predictions of vortex linking times appear as indicated in figure 5 (refs. 16 and 20) . The velocity-based growth-rate equation includes the possibility that the circulation content of the vortex filaments may not be the same as the estimate based on the maximum content possible just behind the wake-generating wing. The dimensionless circulation parameter, G fil = Γ fil /b g U ∞ , in figure 5 covers such a possibility. The velocity-based analysis thereby allows the strength of the vortex pair to differ from the one estimated based on an idealized wake with a single vortex pair. Observations of vortex wakes at cruise altitudes indicate that wakes often divide into several pairs and that the high-speed vortex core is the only part of the vortex wake that participates in the vortex-linking process. Therefore, multiple curves for the strength of the vortex pair going through the linking process are presented in figure 5 . The method used to compute the wake spreading caused by the long-wave instability has been studied in a previous paper (ref. 20) , and will therefore only be mentioned here. It is pointed out that wake spreading is a combination of the self-induced and turbulence-induced velocity contributions to the lateral spreading (amplitude of the disturbance wave when viewed in plan view, A plnv , and when viewed in face or maximum amplitude as A lw ) of the wake due to the long-wave instability. The differential equation is found by use of a combination of equations that describe those quantities as
The dimensionless plan-view amplitude of the waves induced on vortex filaments, A pln , is a function of time, the circulation content of the vortex filaments, Γ fil , and the maximum magnitude of turbulence disturbances, ε max , in the atmosphere where the vortices are embedded. Equation (6a) is therefore more complex than the solutions provided by Crow and Bate (ref. 43) and Sarpkaya (ref. 49) , and must therefore be integrated numerically to determine a result.
The amplitude of the sinusoidal waves on vortex filaments during the early part of the instability has been observed to not be greatly enhanced by the self-induced velocity field of the long-wave instability until their amplitude exceeds the vortex-linking point (ref. 20) . As a result, the amount of wake spreading up to the linking point is approximated by the simple relationship provided by the turbulence-only curves in figure 3 . The strong-turbulence form of the linking equations derived by Crow and Bate, and by the velocity-based analysis, can then be used to approximate the spreading of the hazard posed by vortex wakes during the early part of wave formation where turbulence dominates wake spreading, or
where τ Lnk = t Lnk U ∞ /b g and it is assumed that ε max ≈ |v' max |/U ∞ ≈ |w' max |/U ∞ .
D. Self-Induced Downward and Lateral Movement of Vortex Pair
It is assumed that the separation distance between the centroids of the port and starboard vortices is approximated by the value for elliptically loaded wings as b' ≈ πb g /4. The corresponding value for the self-induced downward velocity of the vortex pair (before wake decomposition begins and when far above the ground plane) is given by w pr = -|Γ ac |/2πb' (7) where Γ ac is the centerline circulation bound in the wing, which is the same as the magnitude of the total circulation in each of the two vortices in the pair. The magnitude of the downward velocity varies from 1 ft/s (1/3 m/s) for small aircraft to about 10 ft/s (3.05 m/s) for large, heavily loaded aircraft. When the wake-generating aircraft is within about one wing span or less above the ground, the self-induced downward velocity of the vortex pair turns more and more into a lateral velocity so that the spacing between the two vortices becomes larger with time when the vortices are near the ground plane. The maximum value for the lateral velocity occurs when wheel contact is made with the ground. The subsequent self-induced lateral velocity of each vortex adds to the wake-spreading process and must be included in any computation used to determine wake-intrusion time.
When out of ground effect, the shape of the vortex wake can often be approximated by an elliptically shaped region that grows with time as the wake decomposes and spreads. The downward velocity of the wake under those circumstances may then be estimated by a theory based on the downward momentum induced in the wake by the lift force (ref. 17) . Therefore, if a value for wake breadth is available from observations (ref. 39) or from theoretical estimates, the downward velocity during wake decomposition and spreading is roughly given by
where B oval ≈ 2.08 b'/4 is the initial breadth of the oval-shaped wake, which is usually in a horizontal orientation. The quantity B decomp (t) is the breadth of the decomposing wake (independent of whether its vertical or horizontal extent is largest). Equation (8) indicates that as vortex wakes age their breadth best represents the downward momentum in the wake due to lift on the wake-generating wing. Therefore, as the wake spreads laterally, its descent velocity rapidly becomes smaller.
E. Long-Term Self-Induced Spreading by Turbulence
After the long-wave instability reaches its maximum amplitude, the wake continues to spread as a function of the square root of time due to residual turbulence in the wake itself (ref. 39 ). In figure 3 , the locations where linking and loop formation begin, and where the maximum wave amplitude occurs, are indicated. After maximum amplitude occurs (at about τ = 43), the wake continues to spread as the square root of time as part of its decay process (ref. 39) . As a result, the size of the wake-hazardous region continues to increase with time from its initial value because of turbulence, and because of the self-induced velocity field of the long-wave instability of a vortex pair. An empirical relationship for the spreading rate that follows maximum amplitude is now discussed, because long-term avoidance predictions are sometimes needed.
The equation discussed was found from observations made of the condensation trails behind aircraft at cruise altitudes (ref. 39 ). The equation predicts that, after the long-wave instability has gone to maximum amplitude, the lateral and vertical sizes of the hazardous region are given by
where C hz ≈ 0.5 is a constant chosen to bring about a best fit to the data and a single curve. The time begins when the wake is generated so that ∆t is the time interval in seconds between the generation of the wake and the arrival of a following aircraft at the same along-trail station. Because equation (9) predicts values for the hazardous region that are too small when ∆t is small, the breadth and depth of the wake-hazardous region remain constant at their initial values until the sizes predicted by equation (9) are larger values (e.g., fig. 3 ). At that time, equation (9) is used to predict the location of the outer boundary of the hazardous region. Because equation (9) is not an exact function of the dimensionless parameters used in this paper for the time/distance axis being used, the velocity of the aircraft, U ∞ , is assumed to be 200 ft/s (60.96 m/s) in figure 3 , and the span of the aircraft is assumed to be 200 ft, so that the time parameter is equivalent to seconds, or wingspans downstream of the station where the wake was generated.
When all of the contributions to wake spreading are included as shown in figure 3 , the (∆t) 1/2 function given by equation (9) applies only after the long-wave instability has reached its maximum amplitude. Because the (∆t) 1/2 function given by equation (9) is then rarely centered on the location of the wake-generating wing, a reference or bias time must be determined so that the predicted breadth of the hazardous region passes through the maximum amplitude point shown on the various figures, at the proper bias time determined so that the curves predicted by equation (9) (with a bias time) pass through the maximum amplitude location. The bias time is determined by modifying equation (9) to read B hzmax = 2y maxampl = C hz (t -t bias ) 1/2 b g (10) where, for b f /b g ≤ 0.5, B hz0 = 2.0 so that y maxampl /b g = 1.0 + π/2 is the maximum amount of wake spreading brought about on each side of the wake centerline by the long-wave instability at the dimensionless time t maxampl . The time is converted to a time in seconds for a specific aircraft for b g , and a flight velocity for U ¥ , by use of the relationship, τ = t b g /U ∞ . Equation (10) passes through the maximum amplitude point when the bias time is given by t bias = τ bias b g /U ∞ = t maxampl -(2y maxampl /b g C hz )
2 (11) Using equations (10) and (11), the final stage of wake spreading can be extended in figure 3 from the maximum amplitude point downstream to as far as needed.
F. Movement of Wake-Hazardous Boundaries by Wind and Gusts
An aircraft on approach to a set of parallel runways behind a leading aircraft requires a vortexfree flight path along its entire approach path. Therefore, any wind or local gust velocity can cause the locations of vortex segments to move and spread relative to the flight path of the wakegenerating aircraft. In this way, the movement and spread of the hazardous region are monitored for an estimate of the size of the safe zone illustrated in figure 1 . As discussed previously, it is assumed that the horizontal across-runway components of the wind, and their variations with time or gusts, are obtained along the flight path used by each wake-generating aircraft by use of either ground-based or instrumentation on board the wake-generating aircraft. In figure 6 , the upper case letters denote the time-averaged values for the wind components, and the lower case letters denote the maximum unsteady or gust magnitudes in the measurements. Also shown is the self-induced downward velocity of the wake. The motion and spread of wake-hazardous regions predicted by use of maximum measured values of the wind and gust velocities are believed to be conservative, because, as mentioned previously, wind tunnel observations of vortex meander indicate that vortex elements move only about 40% of the amount predicted by wind magnitude (ref. 19) . Again, the difference between the two values needs to be studied by use of flight tests. Figure 6 . Method used to move cross-sectional boundaries of wake-hazardous region in response to lateral and vertical wind and turbulence disturbance velocity components.
G. Effect of Robust Jet-Engine Exhaust Plumes on Wake Dynamics
As indicated in part A of the Introduction of this paper, it is now known that at least two processes associated with the flight of the aircraft or with ambient turbulence in the atmosphere are able to initiate the long-wave instability of a vortex pair (refs. 42 and 53). The aerodynamic process and an estimate for the duration of the initiation process of this second aerodynamic method are presented in this section. As stated previously, earlier studies on the long-wave instability have attributed the initiation of the long-wave instability of a vortex pair to ambient turbulence in the atmosphere or in the wake of the aircraft. A second initiation process has recently been shown by use of observations and photographs of condensation trails behind aircraft flying at cruise altitudes as the mechanism that usually initiates the long-wave instability when engine thrust is robust. That is, another initiating mechanism is brought about when engine thrust is robust as during take-off, climb, and cruise (refs. 52 and 53). As mentioned in the Introduction, the first step in the second initiating process occurs when an array of circumferential vortices forms around each jet-engine exhaust stream and then merges into a single stream. First, the roll-up of the vortex sheet shed by the lifting wing provides a blanket of exhaust products around the vortex pair that, because of wake roll-up, forms a blanket of exhaust gases around the lift-generated vortex pair. The gaseous blanket then tends to shield the vortex pair from atmospheric turbulence.
Steps towards the initiation of waves along the lift-generated vortex filaments begin when the vortex sheet shed by the wing rolls up into a vortex pair and descends from near the vertical center of the wake to the vicinity of the inside bottom of the combined shear-layer vortex arrays. During this process, the slipstream that forms between the nearly stationary atmosphere and the robust engine exhaust plumes forms into an energetic array of irregularly shaped vortex rings around the combined or merged exhaust plumes from the engines to encase the lift-generated vortex pair. When the vortex pair migrates from just behind the aircraft wing down to the lower inside of the region occupied by the exhaust plumes inside the vortex array, the up and down velocity field of the vortex array causes the axes of the lift-generated vortex pair to become sinusoidal in shape along the flight direction. The sinusoidal shape then serves as ambient turbulence to begin the growth toward the sinuous shapes that lead to the long-wave instability and the across-wake linking that decomposes the flow field of the vortex pair.
As indicated in references 52 and 53, the shielding of the vortices by the engine exhaust plumes and the slow descent of the vortex pair to the bottom of the exhaust vortex array require more time to execute than the atmospheric-turbulence process assumed by Crow (refs. 42, 43 and 44) . The atmospheric turbulence process is more rapid because, when robust engine-exhaust plumes are not present, the lift-generated vortex pair is in immediate contact with the turbulence in the ambient atmosphere.
Observations of condensation trails at cruise altitudes indicated that the wave-forming process usually requires 20 s or more and sometimes as much as 2 minutes after aircraft passage. Based on an estimate made in reference 53 for the time for vortex linking to occur when robust engine exhaust plumes are present, the descent time of the vortex pair from just behind that wing near the center of the wake down to the lower inside surface of the array of vortex loops around the exhaust plumes, and the adjustment time of the wave train to accommodate linking requirements, a minimum value for the time to linking the parameter used by Crow is estimated to be about
where τ Lnk is the dimensionless time parameter introduced by Crow. The numerical value of 8 also indicates the region where linking was observed in several flights of aircraft, which is also just above the theoretical value predicted by Crow and Bate (ref. 43) and Sarpkaya (ref. 49) . Such an estimate is in fair agreement with the data taken of condensation trails and labeled flight data ( fig. 4) . Because wake intrusion times are less when based on ambient turbulence rather than on the value of τ Lnk ≈ 8 or more for cases when engine power is robust, wake intrusion times estimated here will always be based on ambient turbulence because it yields the most conservative value and because engine thrust is usually not used over long periods of time at low levels during approach to a runway.
III. COMPUTATIONAL RESULTS
A. Equations for Wake Spreading
The overall spread and motion of the wake-hazardous region at a given time or distance behind the wake-generating aircraft is based on measured values of ambient turbulence and then determined by use of references 13-20 as Δ y spred ≈ B hz (t)/2 + [V ave + |V err | + |w pr |] Δt ops (13) where Δy spred is the amount that the wake-hazardous region has spread in the lateral direction at the time of arrival of a following aircraft. The quantity B hz (t) is the amount that the wakehazardous region has spread because of turbulence and the long-wave instability as a function of time. Because B hz (t) includes the wake-spreading amount caused by turbulence, the contribution brought about by the turbulence in the atmosphere is not entered a second time to the terms inside of the square brackets in equation (13) . The parameter Δt ops is the time difference between the arrival of the leading and following aircraft. The parameter V ave represents the lateral velocity of movement of the wake or vortex elements caused by the time-averaged value of the wind component in the across-runway or y-direction. This term calls attention to a choice that can often be made as to whether the following aircraft lands upwind or downwind of the flight path of the preceding aircraft. When the flight path of the following aircraft can be specified as upwind of the flight path of the wake-generating aircraft, the sign of V ave is negative. It is therefore noted that there is considerable advantage in having the following aircraft land upwind of the leading aircraft because the quantity V ave can contribute substantially to the reduction of the wake-spreading rate, and to an increase in the safe allowable along-trail separation distance between aircraft landing in a group. In this way, the time-averaged wind may be called a controllable quantity, because judicious arrangement of aircraft flight paths on approach can make it a beneficial or a detrimental quantity.
The quantity |V err | is an estimate of the accuracy of the various wind and gust magnitudes as measured along the flight path of the wake-generating aircraft. Because measurements at small values are most sensitive to error, it is assumed that it has a value of 5 ft/s (≈ 2m/s). That amount is probably reasonable at low values of wind velocity, and may be conservative for larger wind magnitudes that are of most interest for wake avoidance. An absolute value is used here for the |V err | quantity because it must be assumed to be random and therefore always increases the magnitude of the total amount of wake spreading.
The self-induced downward velocity of the vortex pair that trails from the aircraft wing, w pr , is always positive because, when in ground effect, the port and starboard vortices shed by an aircraft move in an outboard, horizontal direction from the flight path of the wake-generating aircraft. Therefore, the vortex shed by the leading aircraft that is closest to the flight path of the following aircraft always moves to spread the wake. The value of the sum of the lateral velocities in equation (13) is multiplied by Δt ops to yield the total amount estimated for spreading of the wake of the leading aircraft laterally toward the flight path of the following aircraft.
In addition, the magnitude of the maximum gust velocity measured in any direction, |V gust | max , is written as a positive quantity so that is will always be used as a positive value in the determination of the maximum measured gust velocities. In this way, the quantity |V g ust | max always increases the amount of wake spreading of the wake-hazardous region due atmospheric turbulence and to the long-wave instability as indicated by the last term in equation (6a).
The increase or decrease in wake spreading by an along-runway component of the wind is usually small, because the runway component of the wind simply shifts the wake components toward or away from the touchdown region of the runway surface. Although not included in equation (13) , the offset in time experienced by vortex wakes when a wind of a significant magnitude is blowing as a head or tail wind along the approach path of the wake-generating aircraft has been included in the computer program listed in the appendix. Examples calculated for an along-runway component of +10 or -10 ft/s predict that an effect on wake-intrusion time of more than a second is not likely.
The equations for the lateral spread of the hazard posed by vortex wakes clearly indicate the benefits of short time intervals between aircraft operations. First, short time intervals minimize the amount of time available for the wind (and its uncertainties) to move or spread the wake laterally. Second, short intervals of time also reduce the time available for the errors or omissions in wake movement and/or spreading to grow. Minimization of uncertainties makes it possible to operate more efficiently with greater latitude and safety on closely spaced parallel runways, and to increase airport capacity by optimum amounts. Because of the significant number of parameters involved, it is recommended that the maximum allowable time difference before wake intrusion occurs be determined by use of the computer program listed in the appendix, or one like it.
B. Computer Program for Estimation of Wake Spreading
The large number of parameters that enter an estimate for the spreading of the wake-hazardous region as a function of time prompted the development of a computer program or code to expedite the computations needed, to provide a graphical representation of wake spreading in plan view, and to help prevent numerical errors from occurring (see appendix). The computer program begins with the same program used to develop figure 3, which used dimensionless notation throughout. In the computer program, the parameters are first converted from dimensionless notation to feet and seconds where necessary. In the figures presented, the same lines and their associated aerodynamic mechanism shown in figure 3 are presented in figures 7 and 8 to help orient readers as to the dynamics of the wake as it occurs. The resulting computer program is then set up to evaluate the wakes of various aircraft undergoing a variety of atmospheric and airport parameters. The atmospheric parameters used in the several examples shown in figures 7 and 8 include a zero magnitude and a 10 ft/s (3 m/s) side wind for an assumed atmospheric or wake or combined turbulence level of 0.05. The along-runway wind component has been included in the computer program, but it has been set to zero in these figures because it usually has a negligible effect on wake-intrusion times. The two aircraft sizes studied are based on data for early versions of the B-747 and B-737, and may differ from more recent versions now in service.
Both the upwind or windward and downwind or leeward boundaries of the wake-hazardous region are presented on the same figure to indicate the advantages achieved by having following aircraft land on runways upwind of the leading aircraft. The two different sizes of aircraft are used to illustrate the advantages achieved by having smaller aircraft land ahead of larger ones. The closely spaced runways are assumed to be 200 ft (61 m) wide and to have 750 ft (229 m) between their centerlines. Large dots are placed at the locations where vortex linking and maximum amplitude events take place (as in fig. 3 ), and where wake intrusion into the airspace of nearby runways is predicted to occur-on either the up-or downwind sides of the hazardous region posed by the leading aircraft. Distances behind the wake-generating aircraft are given in feet, and a representative number in terms of seconds is obtained by dividing distance by 200 ft/s (61 m/s), the flight velocity assumed for both the B-747 and the B-737. The computer program and the computations assume that the centerlines of the wake-generating and following aircraft never stray outside of the boundaries defined by the edges of the runway assigned to each of them. In other words, the computations consider only the aerodynamic part of wake avoidance.
Four examples are presented. Readers who may wish to include the techniques described here in their own research may consult the appendix, where a copy of the computer code is listed. The code presented is written in Fortran and was run on a G5 MacIntosh desktop computer with each case taking only a few seconds to run. Such a requirement was indicated when computations were carried out for the simulations made for refs. 31-33 and 54-63.
In the cases presented, a corresponding estimate of the depth of the wake-hazardous region is not made because, although it varies from aircraft to aircraft, it is usually about the same as the magnitude estimated for the lateral spreading amount. Observations of condensation trails behind some aircraft at cruise altitudes indicate that the vertical spreading of vortex wakes may occur more rapidly than the lateral amount. It is assumed in the examples presented, and in the computer code, that the span wise loading on the lifting surfaces of the aircraft is such that the vortex wake rolls up to form a single vortex pair, and that the entire circulation content on one side of the wing goes into the vortex and stays with it throughout the event. Because such an assumption is the most conservative, wake division is not considered (ref. 
IV. IMPLICATIONS FOR AIRPORT OPERATIONS
The aerodynamic guidelines for efficiently avoiding vortex wakes of preceding aircraft are simple. The use of a computer program is recommended so that the large number of parameters that influence wake-intrusion time can be systematically included. If desired, it may then be possible to add any of a number of non-aerodynamic parameters into the computer program to promote safety and an understanding of the disposition of aircraft and runway locations as a function of time. Because the durations of safe times before wake intrusion are on the order of a few tens of seconds, computer automation of advisory commands and decisions must be used for the determination of aircraft dispositions and guidance.
With regard to how aircraft should efficiently avoid the hazard posed by vortex wakes, both intuition and the information presented in figures 7 and 8 point out that it is advisable to have following aircraft land upwind of preceding aircraft because the side wind then blows wake components away from the flight path of following aircraft. It is also advisable to have smaller aircraft lead larger aircraft, because the cross sections of their wakes are correspondingly smaller, tending to increase the time before wake intrusion occurs, and thus to promote safety. Additional safety is also achieved because larger aircraft can more readily tolerate the wake hazard caused by smaller aircraft. All following aircraft must, of course, comply with the estimates made for wake-intrusion times, and with any non-aerodynamic or operational safety requirements advised for along-trail spacing of aircraft on approach to closely spaced parallel runways at airports. The vertical depth or z-dimension of the wake-hazardous regions is not treated in detail, because it is recommended that all operations be carried out on a sloping planar basis wherein no aircraft ever travels above or below the flight path or active wake of another. It should be remembered that depths of wake-hazardous regions are about the same as their breadths, and wake components often extend above the flight path of the wake-generating aircraft (ref. 8) . For these reasons, passage of aircraft above or below preceding aircraft should not be allowed until the wake has positively decomposed. For these reasons, it is also recommended that runway stagger not be used.
The foregoing text dealt with wake-avoidance considerations over only the regions where wake intrusion might be a problem. The analysis and the computer program used to generate figures 7 and 8 dealt with the amount of spreading that occurs in vortex wakes as a function of time. Not analyzed is the time needed for the vortex wakes of an aircraft pair (or group) to decay to a harmless level, so that the airspace previously used is again safe and available for use; i.e., following aircraft must wait for the second safe region shown in figure 1. Called the aerodynamic recycle time for a given set of runways, it represents the time required for the hazard posed by all of the vortex wakes shed by the aircraft pair or group to decay to a harmless level, Δt dk . The form of the computer program used to generate figures 7 and 8, and presented in the appendix, needs a change in objective before it can be used to estimate the recycle time after a set of approaches and landings have been executed. That is, in its present form, the computations estimate the fastest rate at which the hazardous region posed by the wake will spread, and presumably decay. Therefore, the computation may also be used to estimate the shortest time interval required for the vortex wakes to decay to a harmless level. Safety requires, however, that the computation deliver an estimate of the longest time interval needed for the decay of the vortex wakes of both aircraft. Because the time interval required for the vortex wakes shed by leading aircraft to decay to a harmless level is uncertain and difficult to estimate, the quantity Δt dk should probably first be set at around three minutes, which is about one and one-half times as long as the longest waiting time now recommended. Flight tests are probably required to determine a more appropriate time interval.
V. CONCLUSIONS
A method is presented, along with a computer program, for estimation of the plan form shape of the outer boundaries of the region within which all of the hazardous elements of lift-generated vortex wakes are located to within a high degree of certainty. The program predicts the amount of along-trail distance or time between arriving aircraft at which the wake of a leading aircraft intrudes into the airspace of a following aircraft for operations on closely spaced parallel runways. The examples presented indicate two simple and obvious rules. First, following aircraft should land upwind of leading aircraft, and secondly, smaller aircraft should precede larger aircraft. The reliability of the predictions for wake-intrusion time depends on how well the components of the time-averaged wind, its gust magnitudes, and the turbulence level along the flight path of each wake-generating aircraft can be measured for an accurate representation of wake spreading as a function of time.
The formulation proposed may be overly conservative, because three assumptions have been made to simplify the method for prediction of the spread of wake-hazardous regions. The first simplification is an assumption that the total circulation in each vortex is the maximum possible, so that the growth rate of the long-wave instability is based on the assumption that the wake contains a single vortex pair of the same strength as initially shed. The second simplification assumes that vortex elements travel with the wind and its larger disturbances without slippage or inertia. This assumption conflicts with observations in wind tunnel tests that show that vortex segments move at about 40% of the disturbance velocities. The third assumption simplifies the measurement of turbulence (or flow-field disturbances) in the atmosphere to a measurement of the maximum (and not the time-averaged) velocity observed in turbulent eddies within the wavelength or frequency range where the long-wave instability is initiated. Because these disturbances may have a time of duration of several tens of seconds, they are referred to as gusts rather than turbulent velocity perturbations. As mentioned previously, the analysis has a nonconservative feature in that it was assumed that any unplanned motions of the wake-generating aircraft be ignored in the computation of the amplitude of wake spreading. Because such motions by an aircraft are unplanned, inclusion in any prediction process is difficult.
Because avoiding vortex wakes is a complicated safety concern and uncertainties exist in the analysis and measurements taken, it is recommended that flight experiments be conducted to better define and confirm the theoretical models being suggested for use in the estimation of the spread of vortex wakes, and the wake-intrusion times that result. The flight experiments should also include measurements of the time required for the decay of the wakes of multiple aircraft in order to better estimate the recycle time for runway systems. The computational method presented is tailored for approach to runways, but the wake-avoidance features analyzed can also be modeled so that they apply to take-off situations if the linking times are modified to those appropriate for robust engine thrust. VgstES is adjusted so that turbulence is not put in twice. c
